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SynechocystisIn cyanobacteria, the thermal dissipation of excess absorbed energy at the level of the phycobilisome
(PBS)-antenna is triggered by absorption of strong blue-green light by the photoactive orange carotenoid
protein (OCP). This process known as non-photochemical quenching, whose molecular mechanism remains
in many respects unclear, is revealed in vivo as a decrease in phycobilisome ﬂuorescence. In vitro reconsti-
tuted system on the interaction of the OCP and the PBS isolated from the cyanobacterium Synechocystis sp.
PCC 6803 presents evidence that the OCP is not only a photosensor, but also an effecter that makes direct
contacts with the PBS and causes dissipation of absorbed energy. To localize the site(s) of quenching, we
have analyzed the role of chromophorylated polypeptides of the PBS using PBS-deﬁcient mutants in con-
junction with in vitro systems of assembled PBS and of isolated components of the PBS core. The results
demonstrated that LCM, the core-membrane linker protein and terminal emitter of the PBS, could act as
the docking site for OCP in vitro. The ApcD and ApcF terminal emitters of the PBS core are not directly sub-
jected to quenching. The data suggests that there could be close contact between the phycocyanobilin
chromophore of LCM and the 3′-hydroxyechinenone chromophore present in OCP and that LCM could be in-
volved in OCP-induced quenching. According to the reduced average life-time of the PBS-ﬂuorescence and
linear dependence of ﬂuorescence intensity of the PBS on OCP concentration, the quenching has mostly dy-
namic character. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability:
from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Phycobilisomes (PBS) are giant phycobiliprotein antenna com-
plexes associated with the cytoplasmic surface of the thylakoid mem-
brane in the photosynthetic apparatus of cyanobacteria and red algae.
Hemidiscoidal PBS present in most cyanobacteria consist of two
structural domains: the central tricylindrical core composed of disk-
shaped allophycocyanin trimers and six lateral cylindrical rods at-
tached to the core and build up of stacked hexameric disks ofome emitters; LCM, phycobili-
r; OCP, orange carotenoid pro-
ynthesis Research for Sustain-
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ogy, M.V. Lomonosov Moscow
uk),
l rights reserved.phycocyanin or phycocyanin and some other phycobiliproteins [1].
Different colorless and chromophorylated linkers are speciﬁcally as-
sociated with phycobiliprotein disks and function to optimize absor-
bance and energy transfer characteristics of PBS [2].
In contrast to higher plants [3], it has long been assumed that cya-
nobacteria do not use the possibility of dissipating excess energy as
heat at the level of antenna [4]. A short-term light adaptation of PBS
was only recently found to occur in these photosynthetic prokaryotes.
Illumination of the cyanobacterium Synechocystis sp. PCC 6803 (here-
after Synechocystis) cell culture with strong blue-green light led to a
diminishing of PBS-ﬂuorescence emission [5,6]. The action spectrum
of this quenching with three characteristic carotenoid bands in the re-
gion of 450–550 nm [6,7] which coincided with the absorption spec-
trum of a ketocarotenoid, 3′-hydroxyechinenone, present as a single
chromophore molecule in the orange carotenoid protein (OCP) [8]
led to the conclusion that OCP is responsible for triggering the PBS-
ﬂuorescence quenching [9]. The 35-kDa water-soluble extramem-
brane OCP was ﬁrst identiﬁed in cyanobacteria in 1981 [10] and its
structure has been determined [11]. Various hypotheses for the func-
tion of the OCP have been suggested [10,11] before its speciﬁc action
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demonstrated [9].
OCP is an effective quencher because, for both photosystems,
about 30–40% of the energy absorbed by PBS does not reach the reac-
tion centers of Photosystem II and Photosystem I when the
carotenoid-induced non-photochemical quenching is active [12].
OCP was shown to exist in two forms: inactive dark-adapted OCPO
(OCP orange form) and induced by strong blue-green light metastable
active OCPR (OCP red form) [13,14]. The necessity of photoactivation
of the OCP to induce the quenching process was demonstrated in the
study of Wilson et al. [14] although the molecular mechanism of
quenching stays not clearly understood. It could be that OCP, after
photoactivation, like the phytochrome photoreceptor, acts as a
quenching trigger that transfers the light-induced signal to an un-
known intermediate interacting with the PBS. Alternatively, such an
intermediate could act as an unknown carrier that transports the
photoactivated OCP to the PBS. On the other hand, it was suggested
that the OCP is not only a photosensor, but also an effecter that con-
tacts directly with the PBS core via electrostatic and hydrophobic
forces [14]. Elucidation of alternative possibilities of quenching, dis-
cussed in several works and reviews [14–16], demands a modeling
study of the interaction between OCP and PBS. Effective docking of
OCPR to isolated PBS, using an in vitro reconstituted system, was dem-
onstrated with the use of spectral methods [17,18]; besides, Gwizdala
et al. [18] have succeeded in direct biochemical isolation of PBS–OCPR
complexes. Even though it is clear that OCP is the protein responsible
for ﬂuorescence quenching, it is still not determined where the OCP in
the PBS docks and hence where within the PBS the quenching takes
place. Because the molecular mass of the hemidiscoidal PBS, incom-
parable to 35 kDa molecular mass of OCP, exceeds 2 million Daltons
[1,2], it was naturally to propose that PBS includes a site or sites for
attachment of OCP. Therefore, the goal of our work was to conﬁrm
the preliminary data and to obtain in vitro characteristics of quench-
ing to elucidate its mechanism. We tried to determine the exact chro-
mophore site(s) within the PBS that could be responsible for
interaction with the OCP-molecule.
The results from different laboratories working with Synechocystis
cell mutants partly or completely lacking lateral PBS rods built of phy-
cocyanin strongly suggested that phycocyanin ﬂuorescence is not di-
rectly quenched by OCP [9,13,19,20]. These data limit the search for
the binding site to the PBS core. The PBS core is assembled from allo-
phycocyanin trimers with the assistance of minor polypeptides in
terms of copy number. In addition to the bulk allophycocyanin,
three bearing chromophore components of the core have been impli-
cated in energy transfer from allophycocyanin to the photosynthetic
reaction centers [21,22]. One is the apcE gene product, otherwise
known as the LCM or anchor polypeptide [2,23]. The second is the
apcD gene product, otherwise known as the α-subunit of allophyco-
cyanin B [24] and the third is the apcF gene product, or β18 polypep-
tide [24]. Like α- and β-polypeptide subunits of allophycocyanin, all
three components carry one phycocyanobilin chromophore, each.
The absorption and ﬂuorescence peaks of ApcD, ApcE, and ApcF are
red-shifted relative to the bulk population of allophycocyanin which
makes them natural candidates for participation in OCP-induced
non-photochemical quenching [12,17,18]. Nevertheless, the compli-
cated pathways of direct and uphill energy migration between
minor chromophorylated polypeptides and bulk allophycocyanin
and overlapping of corresponding ﬂuorescence emission bands
make it impossible to determine the primary site of quenching with
the analysis only of the PBS of wild type of Synechocystis. Mutant
forms of the assembled PBS core, which can be made in Synechocystis,
make it possible to dissect the role of the individual chromophory-
lated polypeptides in binding of OCP. The LCM plays a role in the
core architecture and appears to be essential for the stability of the
PBS; intact PBS are not formed in mutants with deleted apcE [2]. In
contrast to LCM, inactivation of apcF and apcD does not preventassembly of PBS because additional copies of the allophycocyanin
α- and β-polypeptides simply substitute for the missing ApcF or
ApcD subunits [22]. The apcD and apcF mutants can therefore be
used to explore the role of these components in OCP-induced ﬂuores-
cence quenching. In contrast, as mentioned above, it is not possible to
obtain PBS-containing mutants with lack of the LCM [2]. Therefore, we
have constructed ApcD- and ApcF-less Synechocystis mutants and
have also isolated allophycocyanin and LCM to examine separately
participation of all the core pigment components in the blue-green
light induced quenching. Our work, using steady-state and time-
resolved ﬂuorescence spectroscopy, indicates that LCM is a site of
OCP action, due to protein–protein interaction between OCP and
LCM leading to the phycocyanobilin-chromophore ﬂuorescence
quenching of the latter.2. Materials and methods
2.1. Strain, growth conditions, and construction of phycobilisome-assembly
deﬁcient mutants that lack the photosystems
The mesophilic freshwater cyanobacterium Synechocystis sp. PCC
6803 WT and two of its pigment mutants were cultivated at 30 °C in
150 ml ﬂasks with constant shaking in modiﬁed BG-11medium contain-
ing double amount of sodium nitrate. The medium used to grow the PSI/
PSII/ApcD-less and PSI/PSII/ApcF-less mutants was routinely supplemen-
tedwith 10 mMglucose, 20 μg ml−1 spectinomycin, 20 μg ml−1 erythro-
mycin, 20 μg ml−1 chloramphenicol and 80 μg ml−1 kanamycin.
Continuous white light of 35 μE m−2 s−1 and light of lower intensity
(5 μEm−2 s−1) provided by Philips cool-white ﬂuorescent tubes were
used for the SynechocystisWTand for the two types ofmutant strains, cor-
respondingly. The cells were collected in the logarithmic phase of growth
at OD800=0.6–0.7. To obtain sufﬁcient biomass for PBS, OCP, allophyco-
cyanin and LCM isolation, cyanobacteria cells of Synechocystis WT were
grown in 3-liter Erlenmeyer ﬂasks under the same conditions. The PSI
and PSII lacking mutant (ΔpsaAB/ΔpsbDIC/ΔpsbDII) [25] was the kind
gift of Prof. W.F.J. Vermaas. To create the phycobilisome assembly-
deﬁcient mutants the deletion plasmids were constructed by replacing
parts of the apcD and apcF genes with a kanamycin resistance cassette.
The deletions covered the 68–109 bps region of apcD and the 86–330 bps
region of apcF genes, correspondingly. The PSI/PSII/ApcD-less and PSI/PSII/
ApcF-less mutants were obtained by transformation of PSI/PSII-less strain
[25] with the deletion plasmids and selecting for resistance to
100 μgml−1 kanamycin. The complete inactivation of the apcD and apcF
genes was conﬁrmed by PCR.2.2. PBS isolation
PBS were isolated according to the method of Glazer [26]. The iso-
lation procedure was performed at room temperature. Cells of Syne-
chocystis were harvested by gentle centrifugation and washed twice
in 0.8 M phosphate buffer, pH 7.0, with 1 mM phenylmethanesulfonyl
ﬂuoride. The cells were resuspended in the same buffer and disrupted
in French press Thermo Cell Disrupter at 20,000 psi. Triton X-100 was
added to the broken cells to a ﬁnal concentration of 2% (v/v) to re-
lease the PBS complex from the thylakoid membrane. After incuba-
tion for 30 min with occasional shaking, unbroken cells and debris
were removed by centrifugation at 15,000 g for 20 min. The superna-
tant was loaded onto a 0.25–0.80 sucrose density gradient in 0.8 M
phosphate buffer, pH 7.0, for ultracentrifugation. The fraction of intact
PBS that formed a lower narrow colored band in the gradient was col-
lected with a syringe and subjected second to ultracentrifugation
under the same conditions to exclude any contaminations with re-
leased phycobiliproteins. The ﬁnal fraction was collected with dilu-
tion in the same buffer.
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Synechocystis cells harvested in 50 mM Tris–HCl buffer, pH 8.0,
were disrupted using a French press. The membranes were pelleted
and solid ammonium sulfate was added to the supernatant. The frac-
tion between 20 and 30% (w/v)was dissolved in 50 mMTris–HCl buff-
er, pH 8.0, and ammonium sulfate was added to 1.0 M. After removing
of the precipitate by centrifugation the supernatant was loaded on a
Butyl-TSK column equilibrated with the same buffer. The reverse gra-
dient of ammonium sulfate concentration (1.0–0.0 M) in 50 mM Tris–
HCl, pH 8.0, was applied and fractions containing OCP were collected
and desalted on a Sephadex G-10 column. Finally, the OCPwas further
puriﬁed on a TSK-DEAE column. The OCP fraction was dialyzed into
5 mM Tris–HCl buffer, pH 8.0, 0.5 M EDTA, 80 mM NaCl, and stored
in the dark at−70 °C prior to use.
2.4. Puriﬁcation of allophycocyanin
Allophycocyanin was isolated from broken Synechocystis cells on a
Whatman DE-52 cellulose column, pre-puriﬁed on hydroxylapatite Bio-
Gel HT (Bio Rad), and puriﬁed on DEAE Fractogel TSK 650M (Merck)
according to chromatographic method used to avoid contaminations of
low weight colorless linker and minor chromophorylated polypeptides
of PBS core as described in detail in [27]. The allophycocyanin fraction
in 0.1 M phosphate buffer, pH 7.5, was stored prior to use.
2.5. Puriﬁcation of LCM polypeptide
An 87-kDa anchor polypeptide was fractionated from preliminarily
obtained PBS of Synechocystis by gel ﬁltration at pH 2.5 using Bio-Gel
P-100 resin (Bio Rad) in the presence of 4 M urea according to themod-
iﬁedmethod described in [28]. Before loading onto the column, the PBS
were dissociated to polypeptides by incubation for 15 h in 63 mM for-
mic acid containing Triton X-100 (1% v/v) and 4 M urea. Using this
method, the high molecular weight allowed the separation of LCM
from lower weights monomeric forms of phycocyanin and allophyco-
cyanin aswell as from other linker polypeptides of PBS. After the collec-
tion of LCM the sample was dialized against the same solution
containing the reduced concentration of urea (2 M). The isolation pro-
cedure did not require subsequent use of detergents or high concentra-
tions of denaturating reagents (urea) that preserved LCM-chromophore
conﬁguration and its apoprotein close to natural state. Considering that
LCM easily forms an insoluble ﬂocculent blue precipitate [28–30] the
sample was used for spectral measurements immediately.
2.6. Absorption spectral measurements and determination of sample
concentrations
The optical density of the samples and room temperature absorption
spectra were recorded using a Varian 2300 spectrophotometer with a
slit width of 2 nm in a 0.2-cm cuvette to diminish light scattering. To de-
termine the concentrations of OCP, allophycocyanin trimers, and LCM
monomers in buffer solutions, the molar extinction coefﬁcients of the
samples were taken as 2500 M−1 cm−1 [31], 720,000 M−1 cm−1
[32], and 93,000 M−1 cm−1 [29], respectively. The calculation of isolat-
ed PBS concentration was based on the absorption spectrum by contri-
butions of the phycocyanin and the allophycocyanin absorbance to the
intensity of spectral bands of 620 and 652 nm, the averaged peaks of the
two main pigments in the total PBS spectrum [33]. Speciﬁc averaged
molar extinction coefﬁcients for the (αβ)1-protomers of the two pig-
ments were used according to the literature [32,33].
Phycocyanin A620 ¼ 1:00; A652 ¼ 0:20; ε620 ¼ 250mM–1cm–1
Allophycocyanin A620 ¼ 0:70; A652 ¼ 1:00; ε652 ¼ 240mM–1cm–1The molar concentrations of phycocyanin and allophycocyanin
were determined using these coefﬁcients in a system of two linear
equations. To estimate the PBS content, the molar concentration of
allophycocyanin was divided by 36 because the core of PBS contains
the amount of phycocyanobilin chromophore equal to their number
in 12 (αβ)3 trimers of allophycocyanin. The ﬁnal equation used for
calculation of the molar PBS concentration was:
PBS½ M ¼ 1:6 10–7 1:16A652–0:23A620ð Þ:
The sample concentration of PBS used in experiments was
10−9 M.2.7. Measurements of steady-state ﬂuorescence emission and ﬂuorescence
excitation spectra
Fluorescence emission spectra of the samples upon excitation at
580 nm were recorded using a SPEX Fluorolog FL3-22 spectroﬂuo-
rimeter (SPEX Industries Inc.) with the spectral resolution of
2 nm. The spectra were automatically corrected for the distribution
of the exciting light and for response of the photomultiplier during
data acquisition. The samples had an optical density under ~0.1 in
the peaks of absorption, and reabsorption of the emitted ﬂuores-
cence was negligible. Before measurements, samples in glass tube
holders were adapted to darkness for 15 min or illuminated with
1100 μE m−2 s−1 blue-green light (halogen white light was ﬁltered
by a cutoff ﬁlter, 430 to 540 nm) for 5 min to induce the OCP-
O→OCPR phototransformation. The light intensity was evaluated
with an LM2 calorimeter. Fluorescence quenching parameters of
the samples treated by increasing concentrations of photoactivated
OCP were calculated by a ﬁtting procedure based on Stern-Volmer
theory of quenching processes [34].2.8. Fluorescence kinetic pulse amplitude modulation (PAM)measurements
Fluorescencequenching and recoveryweremonitoredwith apulse am-
plitude modulated ﬂuorometer (Xenon-PAM; Walz, Effeltrich, Germany).
All measurements were carried out in a stirred cuvette of 1 cm diameter.
The initial ﬂuorescence level was determined by illuminating dark-
adapted samples with a low modulated red light that excited the PBS
emission (1.6 kHz, 0.015 μE m−2 s−1, 650 nm). Fluorescence quenching
was induced by switching on a continuous 900 μE m−2 s−1 blue-green
light.2.9. Fluorescence life-time measurements
To investigate the excited state dynamics, the ﬂuorescence decay
kinetics with picosecond time resolution was obtained by using Sim-
ple Tau 140 single photon counting system described in [35]. Fluores-
cence was excited with a 635 nm diode laser (BHLP-700) delivering
100 ps FWHM pulses with a repetition rate of 50 MHz. The ﬂuores-
cence signals from the samples were registered at 680 nm by the
SPC-140 detector module. Duration of recorded ﬂuorescence intervals
was 18 ns. In each experiment, the signal was accumulated to achieve
the highest possible number of counting (65,000), which allowed re-
cording of the ﬂuorescence decay with high signal-to-noise ratio. All
components of our setup described above were from Becker & Hickl,
Germany.
All steady-state, kinetic PAM, and time-dependent spectral mea-
surements were performed at room temperature.
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Fig. 2. Fluorescence emission spectra of the PBS in 0.8 M phosphate buffer, pH 7.0, in
the presence of OCPO or OCPR. Excitation of the sample at 580 nm. The shaded square
corresponds to the quenching rate.
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3.1. Absorption properties of isolated OCP, PBS, allophycocyanin, and LCM
polypeptide
OCP incubated for 10 min in the dark appears orange, having in
the visible region a three-band absorption spectrum typical of carot-
enoids (Fig. 1A). Upon 5-min illumination with strong blue-green
light, OCP undergoes a reversible transformation from its dark stable
orange form, OCPO, to a relatively unstable red form, OCPR [14]. The
spectrum is smoothed, loses the resolution of the vibrational bands,
and undergoes an asymmetrical broadening and reversible red shift
(Fig. 1A), demonstrating that the isolated photoprotein is in an intact
photoactive state [14].
The absorption spectrum of isolated PBS is characterized by a peak
at 621 nm attributed to phycocyanin and a shoulder at about 650 nm
indicative of allophycocyanin — the two main phycobiliproteins of
PBS antenna. Isolated allophycocyanin also has a spectrum character-
istic of this phycobiliprotein with the main sharp peak at 652 nm and
a pronounced broad shoulder at 590–630 nm (Fig. 1B). At least the
LCM polypeptide obtained in 63 mM formic acid has a 660-nm peak
position. All three kinds of absorption spectra, namely those of PBS,
allophycocyanin, and LCM spectra, correspond well to those repeated-
ly described in the literature (see e.g. [1,2,29,36]).
3.2. Quenching of isolated PBS by OCP as revealed in steady state
ﬂuorescence spectra
The ﬂuorescence of dark-adapted PBS sample upon excitation at
580 nm had a typical spectral shape with a peak at 663 nm attributed
mainly to allophycocyanin [17,18] and stable emission level that did
not change after 5 min of control preillumination with actinic blue-
green light of 1100 μE m−2 s−1 (Fig. 2). Then, an excess of OCP was
added to the sample and it was kept for an additional 5 min in the
dark. The ﬂuorescence intensity of the PBS did not change too (data
not shown). Finally, the same sample containing OCP was preillumi-
nated for the next 5 min with actinic light inducing the transforma-
tion of OCPO to OCPR, and the ﬂuorescence emission spectrum was
then immediately registered. In this, third case, photoactivation of
OCP caused a decrease in the emission intensity accompanied by
some blue shift of peak position to 657 nm in the spectrum (Fig. 2).
Distinct quenching occurs, under our conditions, when the ratio of
the two components in solution was 30 or more OCP molecules perA
Fig. 1. Absorption spectra of dark-adapted, OCPO (1), and photoconverted, OCPR (2), forms o
ing solutions detailed in the Materials and methods. To obtain the spectrum of OCPR the sam
(A): absorption spectra of OCP0 (1) and OCPR (2) measured after 5 min of the adding of con
preservation of OCP photoactivity under acidic conditions. The spectra in (B) are normalizePBS. The dark orange form of OCP does not exert a quenching effect,
just as it was repeatedly shown before in vivo [14–16] and then in
vitro [17,18]. This result obtained for isolated PBS serves as direct ev-
idence that OCPR is an effecter molecule that ensures the interaction
with PBS and quenching effect.
3.3. Quenching of PBS emission in mutant Synechocystis cells lacking PSI/
PSII/ApcD or PSI/PSII/ApcF
To reveal the role of chromophorylated ApcD- and ApcF-
polypeptides in interaction with OCP, the corresponding mutant cells
were used. The constructed PSI/PSII/ApcD- and PSI/PSII/ApcF-less Syne-
chocystismutants lacked togetherwith ApcD or ApcF also photosystems
I and II. This allowed attributing with a high degree of accuracy the ab-
sorbance in the red spectral region, and all the ﬂuorescence emission to
the pigments within the PBS assembly. The absorption spectra of the
two mutants, both having peak positioned at 621 nm (Fig. 3A), nearly
coincide with the spectrum of isolated PBS (Fig. 1B). The ﬂuorescence
emission spectra were in general more sensitive to the possible pres-
ence of chlorophyll than the absorption spectra, but in the case of the
mutants they did not exhibit any traces of chlorophyll bands as well
(Fig. 3B and C). Therefore, all ﬂuorescence emission peaking at 663 nm
in the spectra of the mutant cells is due to PBS. After illumination of the
samples with actinic blue-green light that transforms OCPO to OCPR,
both mutants exhibited very effective quenching (Fig. 3B and C). AfterB
f OCP (A), and PBS (1), allophycocyanin (2) and LCM-polypeptide (3) (B) in correspond-
ple of OCPO was illuminated with 1100 μE m−2 s−1 blue-green light for 5 min. Inset in
centrated OCP solution to diluted formic acid with 2 M urea, pH 2.6, demonstrating the
d at their peak positions.
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Fig. 3. Absorption (A) and ﬂuorescence emission (B, C) spectra of PSI/PSII/ApcD− and PSI/
PSII/ApcF− Synechocystismutant cells in the growth medium. (A): 1— PSI/PSII/ApcD-less
mutant; 2— PSI/PSII/ApcF-lessmutant. (B and C): themutant cells before (1) and after (2)
5 min of preillumination by strong blue-green light of 1100 μE m−2 s−1. Excitation of the
cell samples at 580 nm.
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Fig. 4. PAM-measured time course of PBS-ﬂuorescence quenching induced by strong
blue-green light in vivo (A) and in vitro (B). The photon ﬂux of the actinic light
(430–540 nm) was 900 μE m−2 s−1. (A): ApcD-less (1) and ApcF-less (2) strains of
the cyanobacterium Synechocystis cells in the growth medium. (B): PBS in 0.8 M phos-
phate buffer, pH 7.0, with PBS/OCP ratio of 1 to 30. Arrows pointing up indicate actinic
light on; arrows pointing down — actinic light off.
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case of isolated PBS (Fig. 2), were blue-shifted to 657 nm, which indicat-
ed the increase of the phycocyanin part of emission in the PBS spectrum
and supported data about phycocyanin lateral rods being unlikely to be
the primary sites of quenching [9,13,19,20]. In fact, steady-state emission
spectroscopy had suggested that phycocyanobilin chromophores of
ApcD and ApcF polypeptides do not serve as the sites of PBS quenching.
In both studied mutants, the kinetics of blue-green light-induced
ﬂuorescence quenching and its recovery were similar (Fig. 4A), dupli-
cating the data obtained earlier on the wild-type Synechocystis [16]
and conﬁrming that the mechanism of the process is not directly af-
fected by these mutations. The kinetics observed in vitro differs
from those observed for the cyanobacterial cells in two signiﬁcant de-
tails. PAM-monitored measurements had shown that, in contrast to
whole cells, the quenching of isolated PBS by OCPR was, under the
conditions used in the experiment, practically irreversible (Fig. 4B).
Besides, the quenching in vitro takes much more time, ﬁnishing in
about half an hour while inside the cyanobacterial cell the ﬂuores-
cence reached its lowest level in 2–3 min (Fig. 4).
3.4. Roles of isolated bulk allophycocyanin and LCM polypeptide in quenching
The scheme of steady-state spectral measurements of isolated allo-
phycocyanin and LCM repeats the scheme stated for the PBS quenchingstudy in vitro (Fig. 2) and includes the control experiments in absence
of OCP, in presence of OCP0, and after that, in presence of OCPR. The tri-
cylindrical PBS core of Synechocystis is made up of bulk allophycocyanin
(αβ)3 trimers and (αβ)3Lc trimers where LC is an small (7.8 kDa) color-
less linker capping the cylinders and two types of heterologous trimers
where the individual α and β allophycocyanin subunits are substituted
by terminal emitters: (αβ)2(ApcEApcF) and (αβ)2(ApcDβ)Lc [1,2]. Ac-
tually, the homogeneous or heterologous trimeric allophycocyanin
disk contains altogether six chromophores. Therefore, the bulk allophy-
cocyanin was isolated thoroughly to be sure that linker-free allophyco-
cyanin trimers were obtained. Quenching of the pure allophycocyanin
trimers was not observed within the experimental error even though
the approximately double OCP/allophycocyanin molar ratio was used
comparing to OCP/PBS quenching ratio in vitro (Fig. 5A). The ﬂuores-
cence of allophycocyanin in the buffer solution with added OCPO
remained equal to the ﬂuorescence in the presence of OCPR in the
wide range of allophycocyanin concentrations (Fig. 5B).
In contrast to pure allophycocyanin, the isolated LCM was
quenched by OCP (Fig. 6A) in the same concentration 1/30 as for
the PBS used before. As with the PBS, the LCM quenching was revealed
only in presence of OCPR, while OCPO does not inﬂuence the ﬂuores-
cence. To be sure that registered changes of ﬂuorescence intensity
were inﬂuenced by OCPR, the character of quenching was analyzed
in the accordance with the Stern–Volmer theory [34]. The linear de-
pendence of the LCM ﬂuorescence quenching by the increasing con-
centrations of OCPR was successfully ﬁtted as [34]:
φ0
φ0−φ
¼ 1
Ksv·f · Q½ 
þ 1
f
where φo — is the initial quantum yield of LCM ﬂuorescence, φ— is the
quantum yield after the addition of the quencher, Ksν — is the
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and f — the fraction of LCM available for quenching. The obtained lin-
ear Stern–Volmer plot (Fig. 6B) is generally indicative of a single class
of ﬂuorophores accessible to the quencher. In our case, this complete-
ly corresponds to a single phycocyanobilin molecule covalently
bound to LCM polypeptide.3.5. Combined dynamic/static ways of PBS quenching by OCPR in vitro
Detailed analysis of the quenching mechanism is complex. The de-
gree of quenching f of the samples under study can be estimated as the
relative integral change of emission (%) calculated as 100×(∫F−BGL−
∫F+BGL)/∫F−BGL, where ∫F−BGL and F+BGL indicate ﬂuorescence
emissions in the non-quenched and quenched by blue-green light states,
respectively, integrated over the 600–750 nmwavelength range. The cal-
culations show that, under our conditions, the fraction f of centers avail-
able for quenching reached values of 35% and 26% for isolated PBS and
LCM, respectively (shadedparts of Figs. 2 and6A). These quantities cannot
be compared directly because LCM exists within the core of PBS in the na-
tive state while in diluted formic acid this polypeptide is partially dena-
tured. Besides, at a pH of about 3 the photoactivity of OCP is less than
at pH 7.0 that was used for PBS-containing buffer solution (Fig. 1, inset,
and [37]). Because of the distorted values for LCM due to the isolation pro-
cedure, the quantitative characteristic of quenching using the modiﬁed
Stern–Volmer coordinates [34] were applied only to the PBS sample.
The concentration of OCP introduced into the solution was varied over
a wide range while keeping the PBS concentration constant, so the PBS
to OCP ratio was changed by two orders of magnitude (Fig. 7A). The
modiﬁed form of the Stern–Volmer equation allows f-fraction of the
PBS available for quenching to be determined graphically. Thecalculations showed that, under our conditions, the maximal percentage
of quenched PBS, fmax, could reach 46% (Fig. 7A).
Linear dependence of emission on concentration of quencher is
usually characteristic for dynamic quenching but the static type of
quenching cannot be excluded. Static and dynamic quenching can
be best distinguished by lifetime measurements [34]. The decay
curves show that the lifetime of excited state of quenched phycobilin
ﬂuorophore molecules in the PBS is noticeably reduced (Fig. 7B). This
time corresponds to decay of the excitation to the ground state that is
faster after induction of OCP-dependent quenching. A bi-exponential
model was used for the PBS intrinsic ﬂuorescence decay approxima-
tion. To evaluate the effectiveness of the ﬂuorescence quenching the
average intrinsic lifetime τm was calculated by the equation:
τm ¼ a1τ1= a1 þ a2ð Þ þ a2τ2= a1 þ a2ð Þ
where a1 and a2 are amplitudes of the components, τ1 and τ2 are the
corresponding lifetimes. The intrinsic lifetime τm=1.8 ns was
obtained for the PBS in solution, and it was shortened to τm=1.3 ns
in presence of OCPR because of additional depopulation pathway,
the energy quenching by OCPR (Fig. 7B). The resulting efﬁciency of
OCP-induced quenching was (1.8–1.3)/1.8=27–28%. Therefore, the
estimation of the ﬂuorescence quenching efﬁciency is about 20%
lower than the f-value of 35% obtained by analysis of steady-state
ﬂuorescence spectra of the PBS. In case of dynamic quenching these
values have to coincide. Most probably, this difference is due to the
combination of two types of ﬂuorescence quenching: mainly dynamic
in which energy of the excitation is transferred to the OCP from the
PBS chromophore(s), and static in which OCP forms a less ﬂuorescent
complex with the phycobilin-containing polypeptides of the PBS.
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4.1. Direct action of OCP on ﬂuorescence emission of PBS
PBS includes hundreds of pigment molecules and needs a mecha-
nism to avoid overexcitation that could potentially damage the an-
tenna itself or the reaction centers [1,15,38]. Questions concerning
the phenomenon known as OCP-induced quenching of PBS ﬂuores-
cence have received increasing interest. Evolutionarily, the molecular
mechanism of OCP-dependent photoprotection of the PBS must be
rather old because its existence was demonstrated in Gloeobacter vio-
laceus, the most ancient and primitive organism of the extant cyano-
bacteria that lacks thylakoids [39]. The OCP-induced quenching
reveals the typical features of short-term light adaptations. This phe-
nomenon occurs on a time scale of minutes and is reversible on a time
scale of tens of minutes. It develops inside the pigment apparatus of
photosynthesis, it is not induced by phycochrome(s) and is not con-
nected with changes in transcription and translation [3]. Several
mechanisms have been proposed to account for the sequence of
events related to the function of OCP [16,40]. The ﬁrst question con-
cerned the possibilities of direct or indirect action of OCP. Perhaps
OCP could bind directly to the PBS core or could act indirectly via an
inﬂuence on the PBS through the mediation of other as yet unidenti-
ﬁed trigger(s). In the ﬁrst case OCP would play the simultaneous roles
of light sensor and effecter binding to a site or sites of quenching. In
the second case OCP would act only as a photosensor, passing a mo-
lecular signal to an unknown trigger that in turn interacts with
the PBS and inﬂuences the energy dissipation and ﬂuorescencequenching. The numerous experiments addressing this question in
vivo did not give a deﬁnitive answer due the complex architecture
of the PBS and of the many factors and cell substances taking part in
the process [12,13,40,41]. Using an in vitro reconstituted system, it
was demonstrated that only one substrate, namely OCP, ensures the
fulﬁllment of quenching [17,18]. In this study, we have determined
a number of further characteristics of the PBS quenching. We make
a reservation that our data do not concern the special form of PBS at-
tached to photosystem I under the special conditions [42]. PBS
quenching in vitro occurred only in the presence of the OCPR, the
photoactivated red form of OCP. The red OCP form is essential for
binding to PBS whereas, by contrast, incubation of PBS in the presence
of OCP in darkness did not form any complex [18]. Rakhimberdieva et
al. have shown that in Synechocystis cells ﬂuorescence quenching of
the PBS induced by a short ﬂash continues to occur in subsequent
darkness for several seconds [43]. This data and the results presented
in [17,18] and in this study suggested that the formation of OCPR and
its binding to PBS are independent processes that are usually insepa-
rable in vivo.
Induced by illumination of PBS in the presence of OCP in vitro, the
ﬂuorescence quenching takes more time, having slower kinetics than
in vivo, and it is essentially irreversible (Fig. 4). The ﬁrst fact could be
explained by the inﬂuence of diffusion processes lowering the effec-
tiveness of quenching and by other factors absent in vivo. In particu-
lar, it was demonstrated that 0.8 M phosphate used to maintain PBS
integrity effectively hampers the OCPO to OCPR photoconversion
[18]. In the cell, reversion of quenching requires an additional protein
known as ﬂuorescence recovery protein, or FRP, that switches off the
OCP-dependent energy dissipation [12]. The presence of FRP acceler-
ates ﬂuorescence recovery in cyanobacterial cells by interacting with
the red OCP form and destabilizing its binding to the PBS to return the
full PBS antenna capacity [12]. It was shown that addition of FRP to
the model system guarantees in part the reversibility of quenching
[18]. Another difference from the quenching observed in whole cells
is the dependence on a large excess OCP (30 and more OCP molecules
per PBS). In wild-type cells there is only about one OCP molecule per
two PBS. This ratio increases twofold under stress conditions and 8-
fold in OCP-overexpressing cells [14,44], but it never reaches the ra-
tios necessary to achieve the quenching in vitro. We assume that the
much higher OCP content required in the modeling experiments
could be explained by diffusion of OCP molecules in solution, while
in a cyanobacterial cell the diffusion of PBS [45] and OCP are greatly
limited to the peri-membrane space. It could be also likely due to
the presence in the cell of unknown small molecules or the effect of
the protein crowding [46].
4.2. Roles of ApcD, ApcF, and allophycocyanin in quenching
The tricylindrical core of Synechocystis PBS contains 72 chromo-
phores, 66 displaced on the α- and β-subunits of bulk allophycocyanin
and in twos on ApcD, ApcF and LCM polypeptides, correspondingly
[1,2]. Registration of OCP-induced quenching for intact PBS does not
deﬁne concretely which of the numerous phycobilin molecules cova-
lently bound to the corresponding polypeptides and connected by dif-
ferent routes of energy migration is the primary site of OCP action.
The ApcD polypeptide has been regarded as the terminal energy
acceptor of the PBS [47]. Energy transfer from allophycocyanin
might occur independently of either the ApcD or the LCM, but the
transfer through ApcD to chlorophyll is normally a minor alternative
to the pathway through LCM [48]. Disruption of apcD does not result
in signiﬁcant abolition of energy transfer from PBS to either PS II or
PS I [49]. Concerning ApcF, the 77 K emission spectrum of its phyco-
bilin chromophore is somewhat blue-shifted, with a maximum at
678 nm, compared to the 681–683 nm ﬂuorescence emission of
LCM and ApcD [22]. ApcF is located close to LCM chromophorylated
domain in the PBS and there is no evidence that could support a
Fig. 8. The proposed schematic representation of the OCPR–LCM interaction within the hemidiscoidal PBS-core of Synechocystis. The generally used PBS-core model [1,2] is
simpliﬁed to one of the two adjacent to the thylakoid membrane cylinders consisted of four allophycocyanin trimers. Lower arrows of different thickness indicate the energy
transfer from the two terminal PBS emitters to chlorophyll in absence (A) and presence (B) of OCPR. Complex 1: (αβ)3APLC; complex 2: (αβ)2APApcFApcE; complex 3: (αβ)3AP;
complex 4: (α3β2)APApcDLC; AP, allophycocyanin; LC, small linker polypeptide; ApcE, phycobiliprotein-like domain of LCM; PSII, photosystem II.
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to the LCM chromoprotein [22]. Thus, one of two energetically down-
hill ﬂows of excitation in the PBS core proceeds from allophycocya-
nin to ApcF and ﬁnally to LCM prior to transfer to chlorophyll. The
study of ApcD-less mutant demonstrated that ApcD is not involved
in blue-light induced quenching in the cyanobacterium Anabaena
sp. PCC 7120 [50]. The investigation of ApcD− and ApcF− single
and double Synechocystis mutants and of the PBS isolated from the
mutant Synechocystis cells demonstrated that ApcD and ApcF in the
capacity of long-wavelength emitters are not required for quenching
[51]. In our work, we showed that the mutant cells of Synechocystis
lacking both photosystems together with ApcD or ApcF exhibited
blue-green light-induced quenching. It is apparent that these two
long-wavelength PBS emitters do not indeed participate in the direct
interaction with the OCP. Lack of ApcD and ApcF docking to OCP cor-
responds well to the auxiliary role of these chromopeptides in ener-
gy transfer from the PBS core to chlorophyll in the associated
thylakoid membrane.
As for allophycocyanin trimers, these participants of the PBS,
according to our data, do not form a site of OCP action in phosphate
buffer solution(s). In this study, we have taken into account that the
last allophycocyanin disks in cylinders forming the PBS core are
capped by the small LC linkers. Although the LC protein is colorless,
it could hinder the attachment of OCPR. This possibility was excluded
within experimental error due to the sharp absorption peak at
652 nm characteristic of allophycocyanin trimers lacking the LC linker
[52]. Due to the high similarity of the LC core linker and the C-
terminal polypeptide domain of the OCP it was proposed that OCP in-
teracts with the chromophores of the central cavity of the allophyco-
cyanin trimers substituting the LC [14]. The obtained negative results
for allophycocyanin sample devoid of linkers probably contradicts
this possibility. At the same time, Tian et al. using spectrally resolved
ﬂuorescence spectra in picosecond time intervals demonstrated that
allophycocyanin in whole cells of Synechocystis is a very probable tar-
get of OCP-induced quenching [53]. This data means that suggestions
of allophycocyanin's role in quenching that could be done from the
studies in vivo and in vitro could be different. The possible discrepan-
cies could be resolved in the future by likely ﬁnding of conditions of
allophycocyanin quenching in solution. The relative abundance of
allophycocyanin chromophores and random C3 symmetry of this phy-
cobiliprotein in tricylindrical PBS core intricate this problem and call
for further investigations.4.3. Role of LCM protein in OCP-induced quenching
The core-membrane anchor phycobiliprotein, more often denoted
LCM, is the largest chromoprotein in the PBS and has a molecular mass
that varies from 72 to 128 kDa depending on the organism [2,54]. The
LCM protein was ﬁrst isolated in 1981 [47]. Like other free PBS linkers,
it is difﬁcult to handle when isolated. LCM is nearly insoluble in most
buffers, but it has been kept in solution in the presence of urea [6,33].
There are still few biochemical studies of isolated LCM [29], and they
have beenhampered by its poor solubility. In addition, LCM is highly sus-
ceptible to proteolytic degradation, even in the presence of proteinase
inhibitors [2]. LCM is a multifunctional protein that plays a central role
in the PBS core substructure, function, anchoring to the photosynthetic
membrane and the energy ﬂow. The sequence analysis has deﬁned sev-
eral domainswithin the LCM polypeptide [23]. The N-terminal portion is
similar to phycobiliproteins (PB-domain) and carries, like allophyco-
cyanin subunits, a covalently linked phycocyanobilin chromophore.
The PB-domain of LCM is thus regarded as one of the core polypeptides
that substitutes for one of the α-subunits of the lower allophycocyanin
cylinder in the PBS core [23,54]. Compared to allophycocyanin, the actu-
al binding site for the chromophore in LCM is shifted to the opposite sur-
face of the binding apoprotein pocket [39]. According to the available
data, we assume that this difference in binding pocket is enough to pro-
mote docking of OCP to LCM and to induce quenching.Moreover, the PB-
domain of LCM is interrupted by a so-called PB-loop insertion. The
models in which the loop region of the PB-domain of LCM was a candi-
date for thylakoid binding was not supported [55] and the function of
the loop remained unknown.We speculate further that the speciﬁc do-
main, PB-loop, of LCM having 50 to 70 residues including potential phos-
phorylated aminoacids [55] acts as a stabilizing factor that allowsOCP to
be retained in the PBS during the quenching. The interaction of OCP and
LCM and loss of interaction with ApcDmeans that in vivo even an excess
of the OCP cannot quench the PBS-ﬂuorescence completely, as is known
from all the data in the literature. A minor channel of energy transfer
will always be present due the action of ApcD as the second terminal
PBS emitter. Our proposed model of OCP-induced quenching in the
PBS of Synechocystis takes into account these considerations (Fig. 8).
Nevertheless, the lack of X-ray structural data on the exact position of
the LCM within the PBS makes all of the possible models of the PBS
core speculative. All the allophycocyanin trimers in the PBS core can
be divided into two groups: trimers without long-wavelength emitters
having maximal emission at 660 nm (APC660) and trimers containing
1444 I.N. Stadnichuk et al. / Biochimica et Biophysica Acta 1817 (2012) 1436–1445PB-domain of LCM and/or other special subunits (APC680) [18,51]. Our
results show that OCPR can quench LCM ﬂuorescence in solution sug-
gesting that this protein could be involved in quenching of the whole
PBS. However, due to the high homology in amino acid sequences of
chromophore-containing domains of LCM and allophycocyanin subunits
[23,55], wewere unable to demonstrate to which type of trimer, APC660
or APC680, the OCP binds. Would it be APC660, as suggested in [51,53] or
APC680, as could be suggested from our study, or both types of allophy-
cocyanin trimers, under various cell conditions, can take part in process
of quenching, can be the subject of further studies.Acknowledgements
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